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Abstract
The high-resolution Auger spectrum of CO2 subsequent to C 1s−1 photoionization is reported
along with the corresponding photoelectron spectrum. Auger transitions to seven quasi-stable
final states are observed. They are assigned on the basis of theoretical results in combination
with the assumption that the Auger spectrum is dominated by transitions to singlet states.
From the vibrational progressions in the Auger spectrum, the vibrational energies h̄ω, the
anharmonicities xh̄ω and the equilibrium distances Re for the dicationic final states are derived
in a fit analysis assuming Morse potentials.
1. Introduction
Carbon dioxide is formed by the combustion of fuel, and its
percentage in the atmosphere has increased significantly since
the beginning of the industrial revolution. It is a well-known
greenhouse gas and consequently plays an important role in
global warming which threatens the climate on Earth. In the
higher atmosphere, it can interact with cosmic rays resulting in
valence or core ionizations. The dominant decay mechanism
of the core-ionized CO2 is the Auger process leading to the
production of dicationic final states that are partly quasi-stable
with respect to dissociation [1]. Nevertheless, only little is
known about these states and up to now even their assignments
are mostly only tentative.
The Auger spectrum of CO2 was investigated for the
first time by Moddeman et al [2] in the early 1970s. The
experimental resolution available in those days was, however,
not sufficient to observe the vibrational structure of the
transitions to the quasi-stable dicationic states. One decade
later, this first Auger spectrum was reanalysed by Ågren [3]
using theoretical results. In the late 1990s, Hochlaf et al [4]
reported detailed calculations on the potential energy curves
of the lowest dicationic states of CO2, which are mostly quasi-
stable. Recently Eland [5] and Slattery et al [6] studied
these quasi-stable states with the time-of-flight photoelectron–
photoelectron coincidence (TOF-PEPECO) method and
threshold photoelectron coincidence (TPEsCO) spectroscopy.
In these double ionization spectra, they resolved for a number
of transitions to dicationic states which exhibit vibrational
structures and were able to derive the spectroscopic quantities’
vibrational energies h̄ω and anharmonicities xh̄ω. However,
double ionization with one photon can only be explained on
the basis of electron correlation so that the electronic matrix
elements of the transitions are expected depending on the
internuclear distance. This inhibits a Franck–Condon analysis,
i.e. the possibility of deriving the equilibrium distances of the
quasi-stable states of CO2+2 .
In this paper we report on a new high-resolution C 1s−1
Auger spectrum of CO2, which reveals previously unresolved
vibrational progressions for seven Auger transitions. Since
in this case the electronic matrix elements vary only
insignificantly with the internuclear distance, one can derive
with a Franck–Condon analysis detailed information on the
potential energy curves—and in particular on the equilibrium
distances—of the quasi-stable dicationic states of CO2.
However, due to the change in the equilibrium distance
upon ionization, different vibrational sublevels of the core-
ionized state are populated. These different substates
represent different initial states for the Auger process, with the
consequence that the corresponding transitions can strongly
overlap in the spectrum. In addition, the energy splittings
between the different vibrational substates of the core-ionized
state are of the same order of magnitude as the broadening
caused by the lifetime of the created core hole. As a
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consequence, the excitation and de-excitation pathways are
not exactly known, and vibrational lifetime interference has
to be taken into account by describing the entire process in
a one-step model. A detailed Franck–Condon fit analysis
including vibrational lifetime interference has been performed
in recent years for HBr/DBr [7], HCl/DCl [8], H2S [9] and CO
[10]. In the present work, we apply this analysis to CO2 and
find seven Auger transitions to quasi-stable final states. For
all final states, detailed information on the potential energy
curves could be derived. Six of the final states are assigned by
relating the present results to the theoretical potential energy
curves of Hochlaf et al [4]; this assignment partially disagrees
with previous results [5, 6]. The seventh state is assigned using
the calculations of Feyer et al [11], which mainly focus on the
low kinetic energy part of the spectrum.
2. Experimental details and data analysis
The measurements were carried out at the c-branch of beamline
27SU at SPring-8, a synchrotron radiation facility with
an 8 GeV storage ring in Japan. The figure-8 undulator
installed at this beamline produces high-intensity linearly
polarized soft x-rays. When integer order (i.e. 1st, 2nd, . . .)
harmonics of the undulator radiation are chosen, the light
is horizontally polarized whereas the half-integer (i.e. 0.5th,
1.5th, . . .) harmonics provide vertically polarized light [12].
The radiation is guided to a Hettrick-type monochromator
that covers the photon energy range from 150 to 2500 eV
using three different gratings. A more detailed description
of the beamline and the monochromator can be found
elsewhere [13, 14].
The C 1s−1 spectra were measured at 400 eV photon
energy, i.e. more than 100 eV above threshold in order to
avoid an influence of the shape resonance on the vibrational
structure. The photoelectron and Auger spectra were recorded
at the same photon energy. This ensures that the populations
of the different vibrational substates of the core-hole state—
which are also the initial states of the Auger process—are
exactly known. For the exact C 1s−1 ionization energy, a value
of 297.664(1) eV reported in the literature [15] was used. The
calibration of the kinetic energy scale of the Auger spectra
was derived on the basis of the reported core-level binding
energies and the excitation energies for the dicationic states
reported by Eland et al [16]. In this way, a total accuracy
of ±10 meV was obtained for the energy scale of the Auger
spectrum subsequent to C 1s ionization.
The experiments were performed using an SES-2002
electron-energy analyser equipped with a gas cell; both
were manufactured by Gammadata-Scienta Ab. The photon
bandwidth for the C 1s−1 photoelectron spectrum (PES) was
estimated to be 35 meV. Using an entrance slit of 200 µm and
a pass energy of 50 eV and 100 eV for the photoelectron
and Auger spectra, respectively, the overall experimental
broadenings (FWHM), including Doppler broadenings, were
estimated to be 50 meV (PES) and 70 meV (AES).
The data analysis has been described in detail in a
previous publication [7]; here we summarize only the major
ideas and describe the differences from the procedure in
[7]. For the ground state, the intermediate core-ionized state
and the dicationic final state Morse potentials were used to
calculate the Franck–Condon factors. A Morse potential is
defined by three parameters: the vibrational energy h̄ω, the
anharmonicity xh̄ω and the equilibrium distance Re. With
these three parameters for each Morse potential, the Franck–
Condon factors for an electronic transition can be calculated
by using an algorithm based on the work of Halman and
Laulich [17] as well as Ory et al [18]. The values for the
potential energy curves of the ground state were taken from
the literature [19]. In a first step, the three parameters for
the Morse potentials of the C 1s−1 intermediate state were
derived from the photoelectron spectrum. Next, the C 1s Auger
spectrum was fitted to obtain the potential energy curves for
the dicationic final states. During this fit analysis the values for
the core-hole states were kept constant and the corresponding
fit parameters for the final states were varied in each iteration
step until convergence was obtained.
In the case of CO2, the vibrational progressions of the
Auger transitions overlap strongly and the individual lines are
not well resolved. Nevertheless, the described data analysis
allows us to extract information from the spectrum since the
energy positions and intensities of the individual vibrational
substates are strongly correlated. This shall be illustrated
for an electronic transition in a diatomic molecule using
the approximation of harmonic potentials. In this case, the
intensity for a transition from the vibrational ground state
ν ′′ = 0 of the electronic initial state to the vibrational substate
ν ′ of the electronic final state is given by I(0 → ν ′) = e−S Sν′
ν ′!
[20]. Here, S = (R)2µω/2h̄ with µ being the reduced
mass and R the change of the equilibrium distance upon the
electronic transition. As a consequence, the intensity ratio of
two given vibrational substates ν ′1 and ν
′
2 is I(0 → ν ′1)/I(0 →






1−ν ′2 . From this consideration, it becomes clear that
the observation of any two sufficiently well-resolved substates
allows us to calculate the energy positions and intensities for all
substates of the vibrational progression; this makes it possible
to analyse spectra with strongly overlapping progressions.
In the present case, we study a triatomic molecule and
apply the more realistic Morse potential. The analysis of a
triatomic molecule requires the usage of normal coordinates
and generalized reduced masses as discussed in [21]. As
mentioned above, the vibrational progression for Morse
potentials is fully characterized by three parameters so that
only three vibrational substates have to be sufficiently well
resolved in order to calculate the entire progression. Note that
the anharmonicity has—in contrast to common assumptions—
a much stronger influence on the intensities of the vibrational
substates than on their energy positions; this fact allows us to
determine this parameter with high accuracy even if the energy
positions cannot be determined very well.
In the fit procedure, post-collision interaction (PCI) was
taken into account by using for the direct terms in the
Kramers–Heisenberg formula the lineshape given by Armen
et al [22]. For the less important cross terms, we use the
lineshape given by the corresponding terms of the Kramers–
Heisenberg formula by including an average energy shift due
to the PCI effect; this shift amounts to 13 meV. All spectra
2
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Figure 1. Overview spectrum of the C 1s−1 Auger transitions to the
quasi-stable final states. The solid line through the data points
represents the fit result, and the solid subspectra represent
transitions to the individual final states. The assignments of
transitions in the kinetic energy region between 251.09 eV and
260.79 eV are given in figure 2. The dashed subspectrum indicates
the background used in the fit analysis. The inset displays the C 1s
photoelectron spectrum of CO2.
are convoluted with a Gaussian lineshape to simulate the
experimental resolution using the widths given above.
3. Results and discussion




















Here, 1σ +g and 1σ
+
u represent the O 1s core levels and 2σ
+
g
represent the C 1s core level. The PES spectrum of CO2
at the C 1s ionization threshold is shown in the inset of
figure 1. Using in our fit analysis an equilibrium distance Re =
1.1615 Å for the ground state [19], we derived for the C 1s−1
core-ionized state an equilibrium distance Re = 1.1397(3) Å, a
vibrational energy h̄ω = 165.7(1.0) meV and an anharmonicity
xh̄ω = 0.50(20) meV. These values agree reasonably well with
previous results [23] of Re = 1.1403(1) Å, h̄ω = 164(1) meV
and xh̄ω = 0.20(10) meV.
Figure 1 displays the entire part of the Auger spectrum
of CO2 subsequent to C 1s−1 photoionization, which exhibits
vibrational fine structures. Figure 2 shows the energy region
from 251.09 eV to 260.79 eV in more detail. The solid lines
through the data points represent the results of our fit analysis
and the different solid subspectra represent transitions to seven
quasi-stable final states. The dashed subspectrum indicates
the background of the fit analysis consisting of transitions
to dissociative final states. The final states of the Auger
transitions are mainly assigned on the basis of the theoretical
potential energy curves of Hochlaf et al [4] as well as the
assumption that the spectrum is dominated by transitions to
singlet states [24].


































Figure 2. Auger spectrum in the energy region from 252.09 eV to
260.79 eV. The observed vibrational structures are indicated by
vertical bars. For details, see figure 1.
The observed vibrational progressions were subjected to
a fit analysis in order to extract detailed information on the
corresponding potential energy curves of the final states. The
results for the vibrational energies h̄ω, anharmonicities xh̄ω
and equilibrium distances Re are summarized in table 1. For
all transitions, vibrational energies between 140 meV and
170 meV were observed and assigned to the symmetric
stretching mode. The obtained equilibrium distances agree—
with the c 1−u state being an exception—reasonably well with
the theoretical values of Hochlaf et al [4].
In the following, we shall discuss the individual transitions
in the order of increasing binding energies of the final states,
i.e. decreasing kinetic energies of the Auger electrons. In
contrast to the spectra recorded with the TOF-PEPECO and the
TPEsCO techniques, Auger transitions to the X 3−g ground
state of CO2+2 are absent. This observation can be explained by
the triplet character of the final state and is in full agreement
with the results obtained for CO [10], where triplet states play
only a minor role in the Auger spectrum. The peak between
260 eV and 257 eV kinetic energies shows a fine structure that
could be identified as due to three vibrational progressions.
The progressions result from transitions to the final states
a 1g , b 1+g and c
1−u .
From the studies of Slattery et al [6] it is well known
that the a 1g final state is quasi-stable with respect to
dissociation, since it possesses a vibrational progression in
the TPEsCO and the TOF-PEPECO spectra. Both spectra
also exhibit contributions from the bending vibrational mode.
In addition, in contrast to all other Auger transitions, the C
1s−1 → a 1g transition could not be described by excitations
of the symmetric stretching vibrational mode only; instead
contributions of the bending vibrational mode were necessary
to obtain a good description. This observation gives rise to
the assumption that the a 1g final state of CO2+2 is bent. This
symmetry lowering can be readily explained by a Jahn–Teller
distortion caused by the degeneracy of this state and is in line
with the very recent observation of bent states in CO2+2 by
Bapat and Sharma [25].
The spectral features between 255 eV and 253 eV
are decomposed in our fit analysis into three vibrational
3
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Table 1. Energy positions Ekin, leading configurations, equilibrium distances Re, vibrational energies h̄ω and anharmonicities xh̄ω, for the
quasi-stable dicationic final states as obtained from our fit analysis. For comparison, theoretical equilibrium distances [4] are also listed.
The vibrational energies marked by a are taken from [6] and were fixed in the fit analysis. The vibrational energy for the state E 3g (b) was
estimated based on the theoretical equilibrium distance and was also fixed in the fit analysis. The intensities are given relative to the
well-separated transition C 1s−1 → 1+g at 251.473 eV.
State Leading configurations Ekin (eV) Re,exp (Å ) Re,th (Å ) h̄ω (meV) xh̄ω (meV) Intensity
a 1g (1πg)−2 259.110(10) 1.1865(5) 1.22 139a 3.6(1.0) 1.29(13)
b 1+g (1πg)
−2 258.487(10) 1.2002(5) 1.22 138a 3.2(1.0) 0.67(7)
c 1−u (1πu)
−1(1πg)−1 257.869(10) 1.1960(5) 1.27 140a 1.8(1.0) 0.17(2)
d 1u (3σ +u )
−1(1πg)−1 254.715(10) 1.2033(5) 1.22 139.6(0.5) 3.7(1.0) 0.49(5)
E 3g (4σ +g )
−1(1πg)−1 254.300(10) 1.1631(10) 1.16 160b 2.6(1.0) 0.02(1)
e 1g (4σ +g )




−2 + (1πu)−2 251.473(10) 1.1667(5) – 169.7(0.5) 0.0(1.0) 1
Table 2. Energy positions of the quasi-stable dicationic final states relative to the state a 1g in eV. Given are the present values, the
theoretical results from Hochlaf et al [4] and experimental values from Slattery et al [6]. The last column displays the energy values of
Slattery et al after revising the assignment.
State Present work Hochlaf et al Slattery et al Slattery et al revised
X 3−g – −1.35 −1.18(1) −1.18(1)
a 1g 0 0 0 0
b 1+g 0.623(3) 0.58 0.64(2) 0.64(2)
c 1−u 1.241(3) 1.20 1.58(10) –
A 3u – 1.80 – 2.91(1)
B 3+u – 1.95 – 2.91(1)
C 3−u – 2.95 – 3.78(1)
D 3u – 3.00 2.91(1) 4.13(1)/4.30(1) (v = 1)
d 1u 4.395(3) 3.96 3.78(1) 4.30(1)
E 3g 4.810(3) 4.41 4.13(1) –
e 1g 4.979(3) 4.67 4.30(1) –
progressions. The transitions with the highest and lowest
kinetic energies exhibit strong vibrational progressions and
are assigned to transitions to d 1u and e 1g final states,
respectively. To obtain a good description of the spectrum,
a less intense transition with a short vibrational progression
was additionally employed. This short vibrational progression
indicates an equilibrium distance close to the value for the
C 1s−1 core ionized state, and its low intensity indicates a
triplet character of the final state. These findings are in good
agreement with the theoretical results of Hochlaf et al that
predict the E 3g state with a bond distance of ∼=1.16 Å in this
energy region.
The narrow and intense spectral feature at 251.9 eV
exhibits a relatively large vibrational splitting of 169.7 meV
and a bond distance of 1.1667 Å; i.e. only slightly larger than
those of the ground state. In addition, the fit description
of this transition is worse than for all other regions of the
spectrum. The results of Hochlaf et al provide no information
about the character of this state. However, from the high
intensity of the transition we conclude that the final state
has a singlet character. In addition, the relatively poor fit
description indicates a stronger deviation from the Morse
potential assumed in the fit analysis. This observation as well
as the small equilibrium distance can be explained with an
avoided level crossing. These findings are in full agreement
with the theoretical results of Feyer et al [11], which predict
a state with 1+g symmetry in this energy region. This
state possesses contributions of two configurations, namely(
3σ +u
)−2
and (1πu)−2, which explain the avoided level crossing





equilibrium distance; note that the 3σ +u orbital has a strong
lone-pair character so that two vacancies in this orbital do not
lead to a strong increase of the equilibrium distance.
The dashed subspectrum in figure 2 describes the
background used in the fit analysis. It consists of a number
of broad Gaussian structures of different origin. In the energy
region between 258 eV and 252 eV, Hochlaf et al calculated
four different triplet states that are all quasi-stable, with
large equilibrium distances. We, therefore, expect extended
vibrational progressions with vibrational energies of less than
140 meV, which will be difficult to resolve. In addition, the
triplet states are expected to be very weak with a low signal-
to-noise ratio, which renders it difficult to observe a possible
vibrational structure. We, therefore, assume that weak triplet
states with an unresolved vibrational structure cause at least
part of the background in the energy region under discussion.
The broad and intense Gaussian structure around 249 eV
in figure 1 is due to transitions to dissociative final states. In
this energy region, Ågren [3] calculated four intense final states













In table 2, the energy positions obtained in the present
work as well as those of Hochlaf et al and Slattery et al
are given relative to the position of the a 1g state. Based
on the results presented in table 2, the assignments of the
states X 3−g , a
1g , b 1+g and c
1−u are unambiguous.
However, for all other states, the energy positions of the
4
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present studies disagree considerably with those presented by
Slattery et al. In particular, the present energy positions for the
states d 1u, E 3g and e 1g are by approximately 0.4 eV
higher than those calculated by Hochlaf et al, while those of
Slattery et al are lower by approximately 0.3 eV. However, the
present results are based on the assumption that only transitions
to singlet states are strong in the Auger spectrum and the
observed potential energy curves agree reasonably well with
the calculated curves. In addition, we want to point out that
the tentative assignment given by Slattery et al is only based
on the energy positions given by Hochlaf et al, but not on the
equilibrium distances. This leads to the fact that the triplet
states A 3u, B 3+u and C
3−u calculated by Hochlaf et al
are not taken into account in the assignment by Slattery et al,
although TOF-PEPECO and TPEsCO measurements allow us
to observe strong contributions of triplet states as can be seen
by the observation of the X 3−g ground state.
According to Slattery et al, the state at 3.78 eV relative to
the a 1g state is accompanied by a vibrational excitation with
a splitting of 112 meV, i.e. much lower than for all other states.
This assignment implies a considerably larger equilibrium
distance than for all other states and agrees well with the
potential energy curve of the C 3−u final state calculated by
Hochlaf et al. Based on this tentative assignment, we reassign
the vibrational progression in the spectra of Slattery et al,
which starts 2.91 eV above the a 1g state with a splitting of
approximately 130 meV, to the states A 3u and/or B 3+u of
dicationic CO2. Note that the calculated splitting between
both these states is of similar magnitude to the observed
vibrational splitting. Based on this assignment, the relative
energy positions of the states A 3u, B 3+u and C
3−u are by
approximately 1 eV higher than those calculated by Hochlaf
et al. Therefore, it seems reasonable to assign the spectral
feature observed by Slattery et al at 4.13 eV to the D 3u
state and the feature at 4.30 eV to the first vibrational substate.
The resulting vibrational energy of 170 meV is high but not
unreasonably high. However, an assignment of the spectral
feature at 4.30 eV to the d 1u state also cannot be excluded.
4. Summary
The Auger transitions to the quasi-stable states of CO2+2 ,
subsequent to C 1s−1 ionization of CO2, are presented
along with the corresponding photoelectron spectrum. The
equilibrium distances Re, the vibrational energies h̄ω and
the anharmoncities xh̄ω for seven final states are derived from
the spectra by assuming Morse potentials in a fit analysis. The
relative intensities of the various C 1s−1 Auger transitions are
also derived. Six transitions are assigned based on the energy
positions and equilibrium distances calculated by Hochlaf
et al [6] as well as on the assumption that Auger rates for
transitions to triplet states are small. The seventh transition
is assigned using the theoretical results of Feyer et al [11].
The obtained assignment differs partly from previous results
[6]. A comparison of the present Auger spectrum with the
TOF-PEPECO and the TPEsCO spectra reveals that the energy
positions of the observed dicationic states disagree in part, i.e.
different states are observed. The observed energy positions
agree only qualitatively with the values calculated by Hochlaf
et al, which indicates that the assignments might not be final.
To arrive at more conclusive assignments, more sophisticated
calculations and additional experimental studies are necessary.
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[22] Armen G B, Tulkki J, Åberg T and Crasemann B 1987 Phys.
Rev. A 36 5606
[23] Hatamoto T et al 2007 J. Electron. Spectrosc. Rel. Phenom.
155 54
[24] Sundin S, Ausmees A, Björneholm O, Sorensen S L,
Wiklund M, Kikas A and Svensson S 1998 Phys. Rev.
A 58 2037
[25] Bapat B and Sharma V 2007 J. Phys. B: At. Mol. Opt.
Phys. 40 13
5
